In recent years, many anthropogenic chemicals occurring in the environment have been shown to mimic the action of endogenous hormones. These endocrine-disrupting chemicals (EDCs) can potentially lead to a host of adverse effects on wildlife, such as the feminization of fish, the lack of reproductive success of some species, birth defects, and the development of physical abnormality. In an attempt to establish the levels of contamination by EDCs in municipal sewage and sludge, we have collected samples in the Toronto area and analyzed them for alkylphenols, alkylphenol ethoxylates and carboxylates, 17ß-estradiol and its metabolites, testosterone, bisphenol A, as well as butyltin species. Previously developed methods using solvent extraction, solid-phase extraction, supercritical fluid extraction, GC/MS, and HPLC determination have been used for such samples. Levels of these chemicals varied from <1 ng/L for 17ß-estradiol in the effluent to nearly 900 µg/L for nonylphenol ethoxylates in the influent. Levels of EDCs in sludge also varied widely from >500 µg/g for nonylphenol to <0.1 µg/g for bisphenol A. The screening of many of the above EDCs has become an integral part of an on-going wastewater quality monitoring program in Toronto.
Introduction
Many chemicals have the potential to disrupt the endocrine systems of fish, wildlife, and humans, thereby adversely affecting their growth, development, reproduction, and health. Although the evidence so far is not yet unequivocally conclusive, the occurrence of environmental endocrine-disrupting chemicals (EDCs) has been linked to the feminization of male fish, sex transposition in wildlife (Tyler et al. 1998 ), fertility problems in men due to the decline in sperm counts (Sharpe 1998) , and the increase of hormone-related cancers in humans (Soto et al. 1994) . In one of the most widely demonstrated modes of hormonal disruption, these chemicals may act as endogenous estradiol (estrogen mimics) by binding to and activating the estrogen receptors (ER). Some of the chemicals identified as ER agonists include organochlorinated insecticides (e.g., DDT, DDE, BHC, etc.), herbicides (e.g., atrazine, 2,4,5-T, etc.), fungicides (e.g., hexachlorobenzene, vinclozolin, etc.), as well as a wide range of industrial chemicals (e.g., alkylphenols, bisphenol A, PAHs, PCBs, phthalates, organotin compounds, etc.).
Non-ionic surfactants based on alkylphenol ethoxylates, particularly nonylphenol ethoxylates (NPnEO), are still used in the manufacture of some household and many industrial detergents. These ethoxylates degrade to nonylphenol (NP), among other compounds, under anaerobic sewage treatment conditions and to the carboxylates (NPnEC) under aerobic conditions (Ahel et al. 1994a,b) . It has been known since the early 1980s that NPnEO, together with NPnEC and NP, are present in municipal sewage effluent as persistent contaminants (Ahel and Giger 1985; Ahel et al. 1987 ). However, their occurrence has not been a major environmental concern until NP was shown to induce the proliferation of human breast cancer cells (Soto et al. 1991) . Bisphenol A (BPA) is a building block of many polycarbonate and epoxy resins. While BPA has been shown to be one of the more potent anthropogenic ER agonists, information regarding its environmental levels in Canada was virtually unavailable until recently (Lee and Peart 2000b) .
Naturally occurring estrogens such as 17β-estradiol (E2) and its metabolites enter the sewage system through the excretions of humans and domestic animals. These estrogens have ER potencies at least three orders of magnitude higher than the alkylphenolic compounds (Nimrod and Benson 1996) . Therefore, E2 and its metabolites estrone (E1), estriol (E3), and 16α-hydroxyestrone (16α-OH-E1) as well as 17α-ethynylestradiol (EE2), the synthetic estrogen used in many oral contraceptive formulaOccurrence of Endocrine-Disrupting Chemicals in Sewage and Sludge Samples in Toronto, Canada tions, are suspected to be the major contributors of estrogenic activities in sewage, even though their concentrations in the effluent are usually at the low ng/L levels Ternes et al. 1999b) .
While there are plenty of research activities on estrogenic compounds, much less work has been done on environmental androgens. Particularly, there are no Canadian data for the environmental occurrence of testosterone (T), the major androgen present in human and animal feces. Tributyltin (TBT) and related compounds have been used as antifouling agents in paints for boats in the past. The occurrence of these toxic compounds, which may induce imposex in some marine species including snails (Tyler et al. 1998) , has been reported in Canadian environmental samples (Chau et al. 1997) .
In order to study the occurrence and fate of EDCs in samples collected from the Canadian sewage treatment plants, we have earlier developed sensitive and selective methods for the determination of the abovementioned compounds in wastewater and sludge (Lee 1999; Lee and Peart 1995 , 1998 , 2000a Lee et al. 1997 . The major objective of this investigation is to establish the baseline levels of the EDCs in the sewage samples collected in Toronto. The degree of contamination caused by the same phenolic chemicals and butyltin compounds in sewage sludge has also been studied.
Experimental

Materials
A calibrated mixture of nonylphenol ethoxylates (NPnEO, n = 1 to 17), in acetone, was obtained as a gift from Dr. Carter Naylor (Hunstman, Austin, Tex.). 4-Nonylphenol (NP), 4-tert-octylphenol (OP), bisphenol A (BPA), triethylamine, acetic anhydride, pentafluoropropionic anhydride (PFPA), tributyltin chloride, dibutyltin dichloride, butyltin trichloride, tropolone, and ethylmagnesium bromide (1 M solution in tetrahydrofuran) were obtained from Aldrich (Milwaukee, Wis.). 4-Nonylphenoxyacetic acid (NP1EC) and 4-tert-octylphenoxyacetic acid (OP1EC) were synthesized according to a published procedure ). 17ß-Estradiol (E2), estrone (E1), 17α-ethynylestradiol (EE2), and 16α-hydroxyestrone (16α-OH-E1) were products of Sigma (St. Louis, Mo.). Testosterone (T) was obtained from Steraloids Inc. (Newport, R.I.). Stock solutions at 1, 10, 100, and 1000 µg/mL were prepared in acetone. A calibration standard of NPnEO, at 11.5 µg/mL, was prepared in isopropanol/hexane (2/98, v/v).
Distilled-in-glass grade solvents were purchased from Caledon (Georgetown, Ont.). Solid-phase extraction (SPE) cartridges (ENVI-18) were the products of Supelco. Supercritical fluid extraction (SFE) grade carbon dioxide was manufactured by Air Products (Brampton, Ont.). 58 Lee et al.
Sample Collection and Storage
Samples of sewage influent and effluent were collected in 1999 and 2000. They were collected in amber glass bottles, using an autosampler every hour for a 24-h period and stored at 4°C at the plant. At the end of a sampling day, the samples were transported back to the sewage laboratory and the hourly samples were mixed proportionally to the flow rates to make up a 24-h composite sample, also in an amber bottle. Effluent samples were additionally dechlorinated with sodium thiosulfate to simulate the condition when the effluent would discharge to the lake. The composite samples were kept at 4°C in the dark, shipped immediately to the analytical laboratory, and extracted the next day. Where a longer storage time was required, 10 mL of a 37% formalin solution was added to each 1-L sample. Grab samples of raw and digested sewage sludge were dewatered, airdried, pulverized, passed through a 100-mesh sieve, and kept at room temperature.
Analytical Methods
Wastewater and sludge samples were analyzed for various EDCs by several previously published methods. After filtration (GF/C filter) and acidification to a pH of 3, NPnEO and NP1EC/OP1EC in water samples were preconcentrated on ENVI-18 SPE cartridges. The methanol eluate was split into two equal fractions. One fraction, after a solvent exchange and volume adjustment, was analyzed for NPnEO by high-performance liquid chromatography (Lee et al. 1997 ) using a normal phase (APS Hypersil NH2) column and a fluorescence detector operating at 230 nm (excitation) and 300 nm (emission). The other fraction was methylated (BF3/methanol) and analyzed for NP1EC/OP1EC by GC/MS in the selected ion monitoring (SIM) mode . NP, OP, BPA, T, E2 and its metabolites in water were also extracted similarly. The concentrated extract was then reacted with PFPA to form the pentafluoropropionyl (PFP) derivatives, which were then analyzed by GC/MS in an SIM mode (Lee and Peart 1998, 2000a; . The characteristic ions M + and (M-CH3) + , at m/z 580 and 565, respectively, derived from the PFP derivative of T were used for quantitative analysis.
The determination of NP, OP, and BPA in sewage sludge was carried out by an in situ acetylation and supercritical carbon dioxide extraction procedure (Lee and Peart 1995, 2000a ). The SFE extract, which contained the acetyl derivatives of the phenols, was analyzed by GC/MS. NPnEO in sewage sludge were extracted by SFE and analyzed by the above HPLC procedure (Lee et al. 1997) . For details of the above analytical methods, the original publications should be consulted.
Butyltin species in sludge were extracted by the method of Chau et al. (1997) , with acetic acid, water, sodium chloride, and a solution of tropolone in toluene. An aliquot of the extract was evaporated to dryness, redissolved in hexane, and reacted with ethylmagnesium bromide. The ethyl derivatives were analyzed by electron impact GC/MS in the SIM mode, using the following ions: m/z 233 and 235 for Et3SnBu, m/z 261 and 263 for Et2SnBu2, as well as m/z 289 and 291 for EtSnBu3.
Results and Discussion
Description of the Sewage Treatment Plant Facilities
There are four wastewater treatment plants in the City of Toronto: Ashbridges Bay, Highland Creek, Humber, and North Toronto. Together, they serve a population in excess of two million. The Ashbridges Bay plant is the largest with a daily flow rate exceeding 700,000 m 3 and the North Toronto plant is the smallest, treating 40,000 m 3 of raw sewage daily. Humber, Highland Creek and Ashbridges Bay have a large and varied industrial content in their plant influents. The North Toronto plant has mainly residential inputs. All plants employ both primary (sedimentation) and secondary (activated sludge) treatment and they chlorinate the final effluent all year round prior to discharge from the plant. They all use iron salts, primarily ferrous chloride, for phosphorus removal and all but the Highland Creek plant are equipped with anaerobic sludge digesters. The North Toronto plant discharges its effluent to Lake Ontario via the Don River. The other three plants discharge their effluents directly to Lake Ontario.
The Ashbridges Bay plant dewaters poly-electrolyte conditioned digested sludge on centrifuges. Sludge samples from the Humber and North Toronto plants are transferred to the Ashbridges Bay plant by re-introduction to the sewer system. Fifty percent of the centrifuge cake produced at the Ashbridges Bay plant is incinerated and the other fifty percent is diverted to a biosolids reuse program, which sees the cake being used as a fertilizer on farmland. The Highland Creek plant dewaters polyelectrolyte conditioned raw sludge on centrifuges. This raw sludge cake is incinerated.
Nonylphenol Ethoxylates and Related Compounds in Sewage
Nonylphenol ethoxylates were detected in all 30 sewage influent and effluent samples with concentration ranges from 31 to 868 µg/L (median 219 µg/L) for the influent and from 3.2 to 81 µg/L (median 12 µg/L) for the effluent (Table 1) . In many influent samples, NPnEO oligomers with one to 15 ethoxy units could be observed, although their concentrations decreased markedly after NP12EO or so. For effluent samples, NP1EO through NP3EO were the major ethoxylates observed and oligomers with six or more ethoxy units were hardly detected.
Consistent with previous reports by Ahel et al. (1994a,b) , the NPnEO concentrations were found to be much lower in the effluent samples than in the influent samples, which indicate very efficient biodegradation of the ethoxylates in the sewage treatment process. In our case, the elimination rate for NPnEO was 90% or better. Among the four treatment plants, plant D had the lowest level of NPnEO in the influent. As this plant has a higher percentage of residential inputs compared to the other three, this observation suggests that the ethoxylate-based detergents originate mainly from industrial facilities. This suggestion was further substantiated by our previous findings that wastewater samples originating from certain chemical industries and commercial laundries in the Toronto area were heavily contaminated in NPnEO .
Again, nonylphenol was observed in all samples with concentration ranges from 2.8 to 16.7 µg/L (median 8.4 µg/L) for the influent and 0.5 to 9.1 µg/L (median 1.3 µg/L) for the effluent. The presence of significant amounts of NP in the influent suggests that degradation of the ethoxylates has already occurred in the sewer system before the raw sewage reaches the treatment plant. The lower NP level in the final effluent is likely due to the removal of this less soluble compound by accumulation onto sewage sludge (see later discussions). The levels of NP1EC are often higher in the effluent (ranging from 1.1 to 35 µg/L, median 9.6 µg/L) than the influent (from <1 to 4.3 µg/L, median 2.4 µg/L) since this acid is one of the major aerobic biodegradation products of NPnEO in the secondary waste treatment (Ahel et al. 1994a) . Similarly, OP and OP1EC are the metabolites of the less commonly used octylphenol ethoxylates under anaerobic and aerobic conditions, respectively. They were also observed in nearly all the samples tested, although their concentrations (Table 2) were generally ca. 10% of the NP and NP1EC levels, respectively. For example, the median concentrations of OP in the influent and effluent were 1.05 and 0.14 µg/L, respectively, and those for OP1EC were 0.14 and 1.91 µg/L, respectively.
Bisphenol A in Sewage
Perhaps due to the lack of sensitive analytical methods in the past, there were few reports on the occurrence of BPA in the Canadian environment. In this study, BPA was observed in all 30 sewage samples with concentrations ranging from 0.16 to 28.1 µg/L (median 0.75 µg/L) in the influents and from 0.01 to 17.3 µg/L (median 0.13 µg/L) in the effluent (Table 2) . Of all the sewage samples collected in Toronto, those collected from plant C had by far the highest levels of BPA. Based on these concentrations, the elimination rates for BPA calculated for the four sewage treatment plants varied from 55 to 99%, with a median reduction rate of 83%. One indication of the widespread presence of BPA in the samples is that its origins might not be limited to only a few point sources. Our previous study indeed pointed out that elevated levels of BPA have been observed in the wastewaters collected from various facilities in the chemical products, commercial laundries, as well as the paper and packaging industries in Toronto.
Sex Hormones in Sewage
While there is a considerable body of published data on NPnEO and their metabolites, relatively little information is available on the levels of E2 and its metabolites in sewage samples. Reports to date have suggested that E2, E1, and E3 are present in sewage influent and effluent at low ng/L levels Ternes et al. 1999a) and the results in this study (Table 3) are also in agreement with the earlier findings. In this study, the concentrations for E2 ranged from 8.7 to 26 ng/L (median 15 ng/L) and from <1 to 7.4 ng/L (median 2.7 ng/L) for the influent and effluent, respectively. The observation of much higher concentrations of E2 in the influent than the effluent is consistent with the rapid biodegradation of E2 into E1 under aerobic conditions during the course of secondary waste treatment (Ternes et al. 1999b; Lee and Liu 2002) . The levels of E1 in the influent (range from 28 to 67 ng/L, median 41 ng/L) were quite similar to those in the effluent (range from 8.7 to 75 ng/L, median 37 ng/L). Another metabolite of E2, 16α-OH-E1, was also observed, in the influent only, at concentrations ranging from <1 to 28 ng/L (median 12 ng/L). Due to a change in methodology, E3 was not determined in this work. However, according to our previous findings, it is expected to be present, also at low ng/L levels, in the influent and effluent samples. In contrast, the synthetic estrogen, EE2, has never been detected in any of the samples (DL = 1 ng/L).
Testosterone (T), produced in the testes, is the major male sex hormone. It is also a metabolite of cholesterol and other steroid hormones in humans (Barton and Andersen 1998) . This potent hormone is sometimes added to animal feeds to promote growth and therefore T can often be found in animal manure and agricultural runoffs. In municipal wastewaters, T comes mainly from the feces of humans and domestic animals. In this work, T was detected in all influent samples, with a range from 24 to 180 ng/L (median 49 ng/L). Perhaps due to its rapid degradation under sewage treatment conditions, T was not found in any effluents (DL = 1 ng/L). However, the exact mechanism responsible for its removal is not yet known. 
EDCs in Sewage Sludge
As shown in Table 4 , NPnEO were found in all sludge samples, with concentrations ranging from 57 to 497 µg/g (median 187 µg/g) for the raw sludge and from 18 to 342 µg/g (median 83 µg/g) for the digested sludge, all on a dry weight basis. Lower NPnEO concentrations in the digested sludge were likely a result of biodegradation of the ethoxylates by the sewage treatment processes. The profile of the ethoxylate oligomers in the raw sludge was similar to that of the influent, however, the number and concentrations of the higher ethoxylate oligomers were lower. The major NPnEO components in digested sludge, perhaps due to anaerobic biodegradation, were mainly NP1EO through NP3EO. However, NP9EO and the other higher ethoxylate oligomers were seldom detected in the digested sludge. A lipophilic and biorefractory metabolite of the ethoxylates, NP, was another abundant component in sludge. The concentrations of NP in the 34 sludge samples ranged from 15 to 514 µg/g. Due to the anaerobic degradation of NPnEO, higher concentrations of NP were observed for the digested sludge (median 244 µg/g) than the raw sludge (median 55 µg/g). The levels of OP were much lower than those of NP in the sludge samples, with median concentrations of 3.7 and 6.7 µg/g in the raw and digested sludge, respectively. The levels of BPA in the samples were even lower, with median concentrations of 0.68 and 1.69 µg/g for the raw and digested sludge, respectively. As sewage treatment plant C received a bigger proportion of Toronto's industrial effluents, its sludge samples were more contaminated by NPnEO, NP, OP, and BPA. As the wastewaters were mainly coming from residential sources, sludge samples collected from sewage treatment plant D were among the least contaminated for the above chemicals.
The occurrence of butyltin species in Canadian sewage influent, effluent, and sludge samples has been reported by Chau et al. (1997) . In this work, mono-, di-, and tri-butyltin species were also found in the 14 sludge samples analyzed. As shown in Table 5 , lower concentrations of total butyltin as well as the individual butyltin species were observed in raw sludge as compared to the digested sludge. For example, on a dry weight basis, the median concentrations for total butyltin species were 388 and 616 ng Sn/g for the raw and digested sludge, respectively. The median concentrations for Bu3Sn + in raw and digested sludge were 95 and 111 ng Sn/g, respectively. Similarly, the respective numbers for Bu2Sn 2+ were 146 and 264 ng Sn/g, and for BuSn 3+ , 144 and 254 ng Sn/g. While the total butyltin concentrations found in the two Canadian studies were rather similar, the concentration profiles for the individual tin species were entirely different. In the earlier study, Bu3Sn + and BuSn 3+ were often the most and the least abundant tin species, respectively, in a sludge sample. In contrast, our results suggested that the concentration of Bu3Sn + was often lower than those of the di-and mono-butyltin species in the same sample. The exact reason for this discrepancy is unknown. However, our sludge samples have been stored at room temperature for up to two years prior to such analysis, biodegradation of tributyltin into di-and mono-butyltin could have occurred during this storage period.
Conclusions
Nonylphenol ethoxylates, ubiquitous in the Toronto sewage and sludge samples, are more likely to have come from certain industrial facilities than from domestic sources in this area. While NPnEO are effectively "reduced" by sewage treatment, they are in fact transformed into the more persistent and estrogenic metabolites, NP and its ethoxylates and carboxylates with one to three ethoxy groups. OP and BPA, also ubiquitous, are occurring at much lower concentrations than NP in the same sample. Sex hormones such as E2, E1, 16α-OH-E1, and T are found in nearly all Toronto influent samples, at levels from low to medium ng/L. As a result of rapid biodegradation, the concentrations of many of these compounds were below our detection limit (1 ng/L) in the final effluent.
Since NP1EC is water soluble, it will enter the environment when the final effluent is discharged into Lake Ontario. While it is unlikely that the levels of NP1EC and other EDCs in the effluent will cause feminization of fish after they are diluted in the receiving waters, further work is required to elucidate if there are deleterious effects to the aquatic species upon long-term exposure of such compounds. In contrast, the more lipophilic NP and NP1EO through NP3EO are accumulated in sludge, often to levels as high as a few hundred µg/g. In the past, all sewage sludge generated in Toronto was incinerated before it was applied to landfills. More recently, a part of the sludge from the Ashbridges Bay plant was diverted to land spreading and in the next couple of years all sludge from this plant, without incineration, will be used for land spreading. The increased practice of land spreading of non-incinerated sludge in the future will thereby increase the probability of the sludge-bound EDCs such as NP, NPnEO, and butyltins to re-enter the environment. Future research on the fate of the above EDCs in sludge-amended soils is recommended for the better understanding of their dissipation and transportation in the environment. 
